The host response to Salmonella infection is controlled by its genetic makeup. Using the mouse model of typhoid fever, several genes were found to influence the outcome of Salmonella infection, including Nramp1 (Slc11a1). In order to improve our knowledge of genetic determinants of the mouse response to acute Salmonella Typhimurium infection, we performed a systematic screening of a set of A/J and C57BL/6J recombinant congenic strains (RCS) for their resistance to infection. While we knew that the parental strains differ in their susceptibility to Salmonella because C57BL/6J mice carry a non-functional allele at Nramp1, we hypothesized that other genes would influence the response to Salmonella and segregate in the RCS. We identified several RCS that showed a non-expected phenotype given their known Nramp1 genotype proving that the response to Salmonella in A/J and C57BL/6J mice is complex. Based on these findings, we selected two RCS for generation of fully informative F2 crosses, (AcB61 Â 129S6) and (AcB64 Â DBA/2J). Genetic analyses performed on these crosses identified five novel Salmonella susceptibility QTL mapping to chromosomes 3 (Ity4), 2 (Ity5), 14 (Ity6), 7 (Ity7) and 15 (Ity8). These results illustrate the genetic complexity associated with the mouse response to Salmonella Typhimurium.
Introduction
Salmonella spp are gram-negative, facultative intracellular pathogens that infect a wide range of host species such as mammals, reptiles and birds. 1 Several serovars are recognized but they almost all belong to the same species designated Salmonella enterica. 2 In humans, two main clinical syndromes are recognized, according to the host specificity of the infecting serovar. Salmonella enterica serovars Typhi and Paratyphi (Salmonella Typhi or Paratyphi) are the causative agents of enteric fever, a systemic illness found only in humans, where the bacteria localizes to the spleen and liver. 3, 4 These host specific serovars continue to be a major threat to public health in developing countries where access to clean water is problematic, and in travelers returning from endemic areas. The non-host specific serovars such Salmonella enterica serovars Typhimurium and Enteritidis (Salmonella Typhimurium and Enteritidis) are causative agents of a more localized gastrointestinal illness, commonly known as salmonellosis. Isolated cases or outbreaks of salmonellosis are most often seen in industrialized countries, usually associated with food contamination 5 or contact with domestic animals that are shedding Salmonella. 6 The emergence of antimicrobial resistance among the various Salmonella serovars noted over the past few decades greatly complicates the treatment of infected patients and these resistant isolates are associated with increased bloodstream infection, hospitalization and mortality (reviewed by Molbak 7 ). A better understanding of the host-pathogen interactions and of the pathogenesis of both enteric fever and salmonellosis will permit elaboration of new antiSalmonella strategies that rely less on antimicrobials such as more effective vaccines, breeding of more resistant animal stock or prophylactic identification of genetically susceptible host.
Salmonella Typhimurium infection in mice recapitulates the disease found in humans infected with Salmonella Typhi or Paratyphi. 8 Following infection of mice, either orally or parenterally, the bacterium rapidly localizes to the spleen and the liver where it replicates. This experimental model is an invaluable tool for the study of the host genes that may influence the outcome of infection and it was used to show that the mouse genetic background has a major impact on the course of infection. Using a positional cloning approach, two major genes influencing the innate immune response of mice to Salmonella Typhimurium infection have been identified: the natural resistance associated macrophage protein 1 gene (Nramp1, also known as Slc11a1) [9] [10] [11] and the Toll-like receptor 4 (Tlr4) gene. 12, 13 Nramp1 has a tremendous impact on the exponential growth of the bacteria in the spleen and liver during the first 5 days of infection and mice carrying a point mutation in Nramp1 (Gly169Asp) are extremely susceptible to Salmonella.
14 The mouse Tlr4 is also involved in the early mouse response to Salmonella infection and mice carrying a non-functional allele show a 1000-fold reduction in LD 50 compared to wild-type animals. 15 The mouse Bruton's tyrosine kinase gene (btk) has also been shown, through positional cloning, to control the late response to Salmonella Typhimurium. 16, 17 In addition to these positionally cloned genes, studies done using congenic and knockout mice have shown a role for several additional genes including the ones encoding for interferon gamma, interleukin-12, NADPH oxidase, inducible nitric oxide synthase, lipoprotein binding protein, CD14 and the mouse MHC complex (reviewed by Roy and Malo 18 ). It is clear that the mouse response to Salmonella Typhimurium is most likely complex and under the influence of several genes. While the genes described above seem to have a major impact on the host response to Salmonella it is conceivable that additional gene variants of smaller effect also make a significant contribution to disease outcome in mice. These may be ancient functional variants that have been fixed in the various inbred strains or more recent mutations that occurred during the breeding of the strains. Polymorphisms in orthologous genes could potentially also exist in the human population and have a similar impact on the outcome of enteric fever or diseases caused by other intracellular pathogens. To date, two quantitative trait loci (QTL), Ity2 and Ity3 (Immunity to Typhimurium 2 and 3), have been identified as influencing the outcome of acute Salmonella Typhimurium infection in a (C57BL/ 6J Â MOLF/Ei)F2 cross. 19 Additionally, in a chronic model of infection with Salmonella Enteritidis, several QTL were found to be involved in persistence of the infection in target organs. 20, 21 It is likely that several additional QTL influence the mouse resistance to Salmonella infection and that identification of the genes underlying these QTL will be good candidate to test for their impact on Salmonella infection in human or veterinary important species.
Recombinant congenic strains (RCS) have been used in an attempt to genetically dissect complex trait. [22] [23] [24] [25] RCS are generated through reciprocal double backcrosses followed by inbreeding for several generations. In a typical RCS set, one has transferred a fixed proportion of the genome from one strain (the donor strain) onto the background of a second strain (the recipient strain) and has generated a set of new inbred strains, each carrying a small proportion of the donor strain in various combinations. If the parental strains differ significantly in a quantitative trait of interest, then the study of the strain distribution pattern (SDP) in relation to the phenotype should facilitate the identification of genomic regions influencing the studied trait. The mapping of the gene is usually not possible by the sole study of the SDP unless the gene has a strong, Mendelian-type effect on the phenotype. The usual approach to gene identification is to cross the interesting RCS back to their background strain and limit the search for linkage to the already known donor regions.
In order to identify additional QTL influencing the outcome of acute Salmonella Typhimurium infection in mice, we undertook a systematic screening of a set of A/J and C57BL/6J RCS (AcB/BcA RCS). 24 While it is well known that these two parental strains differ in their susceptibility to acute Salmonella Typhimurium infection because of Nramp1 (C57BL/6J mice carry a non-functional Nramp1 gene), we hypothesized that additional genes, influencing the outcome of Salmonella infection would segregate in the AcB and BcA RCS. Using this approach, we have identified several strains that showed a deviant phenotype from what was expected given their known Nramp1 genotype. Two of these strains were selected for generation of two fully informative F2 crosses. Linkage analysis in these crosses revealed five novel QTL that influence the outcome of typhoid fever in mice. These findings show that the phenotypic difference in resistance to Salmonella between A/J and C57BL/6J cannot be explained by Nramp1 alone and that overall, the mouse response to Salmonella Typhimurium is complex and under the influence of several QTL and environmental factors.
Results
Screening of the AcB/BcA RCS The parental strains, A/J and C57BL/6J, differ in their susceptibility to Salmonella Typhimurium infection mainly because C57BL/6J carries a non-functional allele at Nramp1, rendering it extremely susceptible to Salmonella infection. We hypothesized, however, that additional genes, besides Nramp1, have an impact on the mouse response to Salmonella and segregate in the AcB/BcA RCS. To test this hypothesis, we undertook a systematic screening of the 36 AcB/BcA RCS and tested their susceptibility to Salmonella Typhimurium infection by measuring survival and splenic and hepatic bacterial load at day 4. When infected with 10 3 CFUs of Salmonella Typhimurium intravenously, most RCS behaved as expected from their known Nramp1 genotype. All the strains carrying a non-functional allele at Nramp1 (Nramp1 susceptible) were extremely susceptible to Salmonella and died on day 4, 5 or 6 post-infection ( Figure 1) . Similarly, most of the RCS carrying a wildtype allele at Nramp1 (Nramp1 resistant) were more resistant to Salmonella infection and showed a phenotype almost identical to their resistant parent, A/J. Interestingly, some of the Nramp1 resistant RCS showed a deviant phenotype. The strains AcB61 and AcB62, despite carrying a resistant allele at Nramp1, were extremely susceptible to infection and did not survive past day 7. Such an extreme susceptibility is rarely seen in inbred strains of mice and when seen, it has usually been attributed to spontaneous mutation either in Nramp1 (e.g. C57BL/6J, C57BL10/J or BALB/c) 9, 14 or Tlr4 (e.g. C3H/HeJ or C57BL/10ScNCr). 12, 13, 15 One exception is the wild-derived inbred strain MOLF/Ei with a low mean survival time of 6 days apparently attributable to the effect of several genes. 19 Two other RCS, AcB60 and AcB64, were found to be more resistant than their resistant parent, A/J. Here again, this increased resistance to virulent Salmonella Typhimurium with a fair percentage of mice being able to survive the infection is rarely seen in inbred mouse strains with the exception of 129S6/SvEvTac (129S6, completely resistant) and CAST/Ei. 18 Finally, AcB56, AcB63 and BcA69 showed an intermediate phenotype between that of C57BL/6J and A/J. These results illustrates the complexity underlying the mouse response to acute Salmonella infection and indicate that additional genes, besides Nramp1, control the mouse survival following Salmonella infection and segregate in the AcB/BcA RCS.
We were also interested in studying the genetic control of the bacterial growth in the target organs by measuring the spleen and liver bacterial loads at day 4 following infection in each of the available RCS. Figure 2 shows that, as expected, the RCS segregate into two major groups according to their genotype at Nramp1. All Nramp1 susceptible strains show bacterial loads similar to their C57BL/6J parental strain and much higher than A/J. Likewise, most of the Nramp1 resistant strains showed lower bacterial loads, corresponding to the levels measured in A/J. Interestingly, some strain-tostrain variations in bacterial load could be observed within the two Nramp1 groups. Especially, we observed that two Nramp1 resistant strains, AcB61 and AcB62, showed an intermediate level of CFUs, between that of the two parental strains. As mentioned earlier, these two strains were also found to be extremely susceptible to Salmonella infection in terms of survival ( Figure 1 ). Additionally, a few Nramp1 susceptible strains (BcA72, BcA73, BcA76, BcA79, AcB51 and AcB53) presented lower or higher CFUs compared to the C57BL/6J parent. Finally, two groups, BcA66 and BcA80 showed a sex effect with the males having lower CFUs in the spleen and the liver compared to the females.
Taken together, the survival and bacterial load measurements made in the 36 AcB/BcA RCS revealed the existence of Nramp1-independent genetic mechanisms influencing the host response to Salmonella Typhimurium infection in C57BL/6J and A/J.
Segregation analysis of the survival phenotype in AcB61 and AcB64 F2 crosses Following identification of a few RCS that showed a deviant phenotype from what would have been expected given their known Nramp1 genotype, we selected two strains, AcB61 (extremely susceptible) and AcB64 (more resistant), for further genetic analysis. We decided to generate two fully informative segregating F2 populations by intercrossing these RCS with unrelated inbred strains. While it could have been advantageous to cross these strains to A/J and concentrate our search for linkage to the already known C57BL/6J congenic fragments, we decided to do otherwise for two main reasons. First, spontaneous mutations influencing the phenotype of interest can occur during the generation of the RCS and these would go undetected in a cross with one of the parental strain unless the mutation occurred at or close to a congenic fragment. 26 Second, the genomic structure of the RCS is not completely known and small congenic fragments could have been missed during the initial genotyping of these strains. We therefore generated two fully segregating F2 populations, (AcB61 Â 129S6) and (AcB64 Â DBA/2J). The inbred partners were chosen so they would differ as much as possible in their phenotype from the AcB strain and also on the basis that they did not carry mutation in genes known to be important in Salmonella resistance. 247 (AcB61 Â 129S6) and 249 (AcB64 Â DBA/2J) F2 mice were generated and the survival of each mouse following infection with 10 3 CFUs of Salmonella Typhimurium was recorded. Figure 3a and b show the cumulative survival of the F1s, F2s and the parental strains for both crosses. Both F1 populations showed a survival phenotype Figure 1 Cumulative survival in the AcB/BcA RCS following intravenous infection with 10 3 CFUs of Salmonella Typhimurium. Most of the RCS showed a phenotype that correlated with their Nramp1 genotype with all of the Nramp1 susceptible RCS (Nramp1 S) behaving similarly to the C57BL/6J parental strain and most of the Nramp1 resistant RCS (Nramp1 R) behaving similarly to the A/J parental strain. However, some Nramp1 resistant RCS showed a deviant phenotype. The AcB61 and AcB62 RCS were almost as susceptible as C57BL/6J despite carrying a resistant allele at Nramp1. The AcB60 and AcB64 were more resistant than their resistant parent A/J. The AcB56, AcB63 and BcA69 showed an intermediate phenotype between that of the B6 and A/J. almost identical to their resistant parent while the F2 populations showed a continuous distribution in their phenotype, intermediate between that of their respective parental strain. On closer examination, however, the (AcB61 Â 129S6)F2 mice appear to segregate into more or less three groups: (1) a susceptible group dying before day 12; (2) an intermediate group dying between days 12 and 40 and (3) a resistant group surviving the infection passed day 50. For both crosses, some mice survived the infection passed day 50, although in greater number for the (AcB61 Â 129S6)F2 cross. Some of these mice were followed for more that 90 days and showed no signs of illness although they still carried Salmonella in their spleen and liver (data not shown) at that time. These results suggest that for both crosses, the mouse response to Salmonella infection behaves as a complex trait and is under the influences of more than one gene and potentially additional environmental factors. No effect of the infection day or of the sex was observed on the survival of the F2 mice and therefore, we could analyze together the F2 mice from each individual cross.
Genetic analysis of the survival time in (AcB61 Â 129S6)F2 mice As a first exploration for potential survival-associated genomic regions in the (AcB61 Â 129S6)F2 cross, we performed a one locus interval mapping in R/qtl 27 under a non-parametric model 28 which was indicated given the distribution of the survival time in this cross ( Figure 3c ). Supplementary Figure 1a shows the genetic map used and the names and physical positions of the markers are listed in Supplementary Table 1 . Two loci were found to be significantly associated with survival in this cross (Figure 4a) . A highly significant LOD score of 28.8 was detected at position 44 cM on chromosome 3. We will refer to this locus as Ity4. A second significant peak was detected on the distal end of chromosome 2 at position 117cM with a LOD score of 4.6 (Ity5). The P ¼ 0.05 genome wide significance threshold for this cross, established following 1000 permutations was 3.4.
As a result of concerns that the extremely high LOD score on chromosome 3 might interfere with detection of additional QTL or lead to spurious association, we repeated the analysis after having removed all the mice that were AcB61 homozygous for the marker most closely associated with Ity4. One hundred and ninety individuals were left for analysis and interval mapping under the non-parametric model revealed that the distal chromosome 2 locus continued to be strongly associated with survival following Salmonella infection in this cross with a LOD score that increased to 6.5 (maximum LOD score position at 121 cM). These results show that both Ity4 and Ity5 independently contribute to the mouse response to acute Salmonella Typhimurium infection in this cross. Examination of the distribution of the survival time in the (AcB61 Â 129S6)F2 population reveals that approximately 50% of the mice survived the infection beyond day 50, thus this distribution was heavily censored (Figure 3c ). As the interval mapping approach described above does not properly account for censored data, we re-analyzed our data using a survival analysis approach. A Weibull distribution for the survival times was assumed and a parametric survival regression at the markers was carried out using the statistical program R. 29 Two loci, co-localizing with the ones detected in the initial analysis (Ity4 and Ity5, Figure 4a ) were found to be significantly associated with survival time in this cross (Figure 5a , Table 1 and Supplementary Table 1) . First, a significant association was found on a region of chromosome 3 (Ity4) extending from 65.7 to 124.3 Mb with genome wide P-value o0.05. The peak LOD score was 27.3 under a dominant model at the typed marker 03-098415492-M (position ¼ 98.4 Mb, P-value o0.0001, 1.5-lod support interval ¼ 72.7-100.5 Mb) with the 129S6 allele conferring protection against Salmonella infection. A second significant association was detected on the distal end of chromosome 2 (Ity5) with a genome wide Pvalue o0.05 from 155.5 to 180.0 Mb. The peak LOD score was 5.4 under an additive model at 02-167943959-M (position ¼ 168.8 Mb, P-value ¼ 0.0005, 1.5-lod support Genetic analysis of the survival time in the (AcB64 Â DBA/ 2J)F2 mice A similar approach was used to analyze the survival data from the (AcB64 Â DBA/2J)F2 cross. Exploratory one locus interval mapping of the survival phenotype was performed in R/qtl. Given the survival time distribution (Figure 3d ) we used the two-part model described by Karl Broman 28 and implemented in R/qtl. Under the two-part model, two separate analyses are performed: one for a binary trait (the mice that died versus the mice that survived) and one for the normal trait conditional on a non-censored phenotype (mice that did not survive the infection). The final LOD score for the two-part model is the sum of the two LOD scores obtained on the separate analyses. The genetic map used is shown in Supplementary Figure 1b and the names and physical positions of the markers are listed on Supplementary Table 2. Two loci reached the genome wide (P ¼ 0.05) significance threshold established following 1000 permutations (LOD ¼ 4.2) (Figure 4b) . Ity6, at position 27 cM on chromosome 14, with a LOD score of 5.3 and Ity7, at position 52.8 cM on chromosome 7, with a LOD score of 4.3. Several additional loci, which did not reach the P ¼ 0.05 significance threshold but that presented a LOD score X3 were also detected: chromosome 3 at position 51 cM with a LOD score of 3.5; chromosome 10 at 7.5 cM with a LOD score of 3.8; chromosome 11 at 58 cM with a LOD score of 3.0; chromosome 12 at 68.7 cM with a LOD score of 3.4; chromosome 15 at 51.6 cM with a LOD score of 3.6; chromosome 19 at 38 cM with a LOD score of 3.6; and chromosome X at position 45 cM with a LOD score of 3.2. These results illustrate the genetic complexity associated with the mouse response to Salmonella Typhimurium infection in this cross.
The survival phenotype in the (AcB64 Â DBA/2J)F2 cross was also heavily censored since about 25% of mice survived beyond day 50 ( Figure 3d) . As for the previous cross, and in order to properly account for the incomplete observation of the data, inference was carried out through parametric survival regression at the markers under a Weibull model for the survival times. Three loci having a small effect on the survival times reached the genome wide significance (Figure 5b , Table 2  and Supplementary Table 2) , two co-localizing with the previously detected Ity6 and Ity7, and the third one co-localizing with the locus detected on chromosome 15. The first locus, Ity6, was detected on chromosome 14 at the marker 14-055172074-M with a LOD score All results with a corrected P-value o0.1 are listed. Results with a corrected P-value o0.05 are shown in bold as are the markers most strongly associated with survival. The complete list of results and the physical position of the markers can be found on Supplemental Table 1. associated with survival time, are shown on Figure  7a -c. No interaction among these three loci was detected as seen in Figure 7d for Ity6 and Ity7.
Discussion
The susceptibility to infectious diseases in the human population is partially controlled by the genetic constitution of the infected host. [30] [31] [32] The host response to Salmonella spp also follows this rule, as evidenced by several studies that identified genetic variants responsible for increased susceptibility to this pathogen. For instance, patients with mutations in the interleukin-12/ interferon-gamma axis show increased susceptibility to mycobacteria and Salmonella. 33 The same is true for patients with defect in the NADPH oxidase system (chronic granulomatous disease 34 ) or sickle cell anemia patients, 35 which often present with Salmonella infections. Finally, the susceptibility to typhoid fever in humans has also been linked to specific MHC genes. 36 While these studies give some insights into the genetic control of the host response to Salmonella, there is most likely a wealth of other genetic variants that influence the outcome of an encounter between Salmonella and its host.
As a result of the inherent difficulties associated with the genetic dissection of susceptibility to infectious diseases in the human population, the experimental model of typhoid fever in the mouse has been used extensively. Using forward (positional cloning) or reverse (knockout) genetic approaches, several genes have been shown to influence the outcome of Salmonella Typhimurium infection in mice (reviewed by Roy and Malo 18 ). While most of the genes identified so far have a clear, Mendelian-type effect on the phenotype, there are most likely several additional variants of lesser effect that also contribute to the response of mice to Salmonella Typhimurium. These variants may be highly relevant candidates to be tested for their effect in human typhoid fever or other infections with intracellular pathogens. Using a (C57BL/6J Â MOLF/Ei)F2 cross, Sebastiani et al. 19 have indeed identified two QTL (Ity2 on chromosome 11 and Ity3 on distal chromosome 1) that each have a small effect on the mouse response to acute Salmonella infection. In the present study, we have used a specialized tool of mouse genetic, the RCS, to further increase our understanding of the genetic basis of the host response to Salmonella Typhimurium infection in mice.
RCS have been used before in the identification of QTL underlying complex traits. This approach is based on the premise that the isolation of the various genes underlying a quantitative trait in the individual RCS will All results with a corrected P-value o0.1 are listed. Results with a corrected P-value o0.05 are shown in bold as are the markers most strongly associated with survival. The complete list of results and the physical position of the markers can be found on Supplemental Table 2. facilitate their identification. Additionally, the mapping of QTL with RCS is further facilitated by the unlimited supply of each individual RCS (permitting accurate phenotyping), and by the complete genotypes known for each strain (limiting the cost and labor associated with the project). Detection of single gene effect may be possible by the sole study of the strain distribution pattern in relation to the phenotype of interest. 24 In our case, a simple marker regression of the mean phenotype for each of the 36 RCS against their known genotypes was powerful enough to detect the effect of Nramp1 (LOD score of 3.9, 12.8 and 11.5 at D1Mit532 for survival, splenic and hepatic bacterial loads, respectively), a gene known to have a strong, Mendelian-type effect on the mouse response to Salmonella Typhimurium. However, as would have been expected, no other loci having an impact on one or the other measured phenotypes could be detected and further breeding was necessary for identification of additional QTL. The usual approach when using RCS for the genetic dissection of complex trait is to first identify the individual RCS that show an unexpected or interesting phenotype and then generate a new cross involving these RCS. One may cross the RCS back to the background strain and then limit the search for linkage to the known congenic fragments. 23 This approach presents the advantages of limiting the cost and workload associated with genotyping and prevents the introduction of a new strain with additional polymorphisms that will complicate the mapping of the QTL. A disadvantage of this approach is that one will not be able to identify new mutations that may have occurred during the generation of the RCS unless the mutation occurred by chance close to or within a congenic fragment. 26 Additionally, one may also miss some small congenic fragments that have escaped detection during the initial genotyping of the mice. We, therefore, chose a different approach where the selected RCS would be crossed to an unrelated inbred partner thereby maximizing the chance of finding the QTL. In addition to polymorphisms already segregating in the RCS, introduction of a new unrelated inbred mouse strain increases the polymorphisms content of the cross and maximizes the chance of identifying QTL important in the studied phenotype.
The systematic screening of the AcB/BcA RCS allowed us to identify several strains that showed a deviant phenotype from their known Nramp1 genotype.
Two of these deviant strains were selected for further genetic analysis, which led to the identification of five new QTL involved in the mouse response to acute Salmonella infection. In the (AcB61 Â 129S6)F2 cross, two QTL were detected, which together explain almost half of the phenotypic variance in this cross. Ity4 by itself accounts for 42.1% of the phenotypic variance indicating that the gene or genes underlying this QTL exert a major, Mendelian-type effect on the host response to Salmonella in this mouse model. The genomic region underlying this QTL is gene-rich and contains more than 300 genes with several potential candidates, including a malaria resistance gene, the liver and red blood cell specific pyruvate kinase gene (Pklr). 26 We are currently in the process of fine mapping this region and are evaluating good positional candidates. Ity5 also appears to have, by itself, a major impact on the mouse response to Salmonella as evident from Figure 6b . The genomic region underlying the confidence interval for Ity5 contains 97 genes. Generation of reciprocal congenic strains carrying this region should allow us to confirm its impact on mouse salmonellosis and help in the fine mapping of this QTL. These two loci do not co-localize with C57BL/6J congenic fragments indicating that we are either mapping a new spontaneous mutation that occurred during the generation of the RCS or a variant between A/J and the 129S6 strain.
The situation appears more complex for the (AcB64 Â DBA/2J) cross with several loci possibly each controlling a small percentage of the phenotypic variance. Using interval mapping and survival analysis, three loci, Ity6, Ity7 and Ity8, were found to be significantly associated with the mouse response to Salmonella infection. Additional QTL are most likely segregating in this cross but did not reach the significance threshold. The generation, genotyping and phenotyping of a few hundreds additional mice will be necessary in order to get a clear understanding of the genetic contribution to the phenotype in this case. The QTL mapping in this cross is further complicated by nongenetic, environmental factors, which appear to play an important role in the outcome of Salmonella infection in this case. As noted on Figures 1 and 3b , even in the genetically identical AcB64 and (AcB64 Â DBA/2J)F1 mice, the variance of the survival phenotype is quite large implicating additional factors beside genetic effects. It may be that, in these intermediately resistant strains, factors such as the inoculation dose or the state of the immune system can exert a greater influence than in mice that are extremely resistant (e.g. 129S6) or extremely susceptible (e.g. C57BL/6J or AcB61). As observed for Ity4 and Ity5, Ity6 and Ity7 do not map to C57BL/6J congenic fragments, indicating again that we are either mapping new mutations or DBA/2J versus A/J variants. However, Ity8 and the potential loci on chromosome 3 do map to a C57BL/6J congenic fragment, which may facilitate the mapping of these QTL.
In addition to the AcB61 and AcB64 strains that were selected for further genetic analysis, the systematic screening of the 36 RCS identified a few additional strains that may be worth further investigation. In particular, the AcB62 strain presents a phenotype quite similar to the AcB61 strain with a very short survival time and higher bacterial load in the spleen and liver at day 4. We are currently investigating the possibility that the same genomic region confers susceptibility to Salmonella in both AcB61 and AcB62. Another very interesting strain that may be worth further investigation is the AcB60 strain. AcB60 mice showed increased survival following Salmonella infection and in this regard, resemble the AcB64 strain. Examination of the C57BL/6J congenic fragments present in these strains revealed a single common C57BL/6J fragment at position 37 to 43cM on chromosome 18. While this locus was not identified in the survival or interval mapping analysis of the (AcB64 Â DBA/2J)F2 cross, it may still be involved in the response to Salmonella Typhimurium in AcB/BcA RCS. In fact comparison of the mean survival time between the Nramp1 resistant RCS that carry a C57BL/6J congenic fragment at this locus with the mice that are A/ J at this same location revealed a higher mean survival time associated with the C57BL/6J genotype (mean survival time of 19 for the C57BL/6J genotype versus 11 for the group carrying the A/J genotype). Finally, we also identified a sex effect for the bacterial load at day 4 in the BcA66 and BcA80. Interestingly, in these two cases, the male mice present lower CFUs in the spleen and liver compared to the female mice. This situation is unusual for infectious diseases where the females are usually found to be more resistant than the males (e.g. resistance to malaria 23 or bacterial clearance in chronic Salmonella Enteritidis infection 20 ). In conclusion, the study of the 36 AcB/BcA RCS for various Salmonella Typhimurium related phenotypes clearly demonstrated that the phenotypic difference between the parental strains C57BL/6J and A/J cannot be explained solely based on their different allele at Nramp1. Genetic analysis involving fully informative crosses derived from two RCS and unrelated inbred partners allowed us to identify five novel QTL, including a locus with major effect, associated with the mouse survival following Salmonella infection. Ity5 and especially Ity4 detected in our (AcB61 Â 129S6)F2 cross appear to have a strong effect on the phenotype and should be amenable to positional cloning within a reasonable time frame. The situation for the (AcB64 Â DBA/2J)F2 cross seems much more complex with potentially several loci and additional environmental factors contributing to the outcome of Salmonella infection. Increasing the number of mice in our analysis may allow a clearer understanding of the real genetic factors underlying the survival phenotype in this cross. Such confirmation will be necessary before one undertakes confirmation of these QTL in congenic strains.
Materials and methods

Animals used
Thirty-six A/J and C57BL/6J RCS have been generated 24 and were purchased from Emerillon Therapeutics Inc. (Montreal, Québec, Canada). These strains were produced through reciprocal double backcrosses followed by inbreeding for more than 20 generations and consist of 14 AcB and 22 BcA strains. A/J, C57BL/6J and DBA/ 2J were purchased from the Jackson Laboratory (Bar Harbor, ME, USA) while 129S6 were purchased from Taconic (Hudson, NY, USA). (AcB61 Â 129S6)F2 and (AcB64 Â DBA/2J)F2 mice were generated at the Montreal General Hospital Research Institute animal facility.
In vivo Salmonella infection All animal procedures were performed in accordance with the regulations of the Canadian Council on Animal Care. The Salmonella infections were performed as previously described. 37 Briefly, Salmonella Typhimurium strain Keller was grown in trypticase soy broth and each mouse was infected intravenously with approximately 10 3 colony forming units (CFUs) diluted in 200 ml of 0.9% saline. The infectious dose was verified by plating of serial dilutions on trypticase soy agar. For survival analysis, the mice were monitored twice daily and moribund animals were killed by CO 2 asphyxiation. Enumeration of the liver and splenic bacterial load was done on day 4 post-infection by plating of serially diluted spleen or liver homogenates. For each RCS, we infected approximately 10 to 12 mice (male mice and female mice) and recorded the survival time and the spleen and liver bacterial load at day 4. A/J and C57BL/ 6J mice were included as controls at each infection. The F2 mice were infected by groups of 50-100 mice and each time the parental strains were included as controls. All mice were aged between 2 and 6 months at the time of infection.
